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ABSTRACT Detection of human wastewater contamination in recreational waters is of
critical importance to regulators due to the risks posed to public health. To identify such
risks, human wastewater-associated microbial source tracking (MST) markers have been
developed. At present, however, a greater understanding of the suitability of these
markers for the detection of diluted human wastewater in environmental waters is nec-
essary to predict risk. Here, we compared the process limit of detection (PLOD) and pro-
cess limit of quantiﬁcation (PLOQ) of six human wastewater-associated MST markers
(Bacteroides HF183 [HF183], Escherichia coli H8 [EC H8], Methanobrevibacter smithii nifH,
human adenovirus [HAdV], human polyomavirus [HPyV], and pepper mild mottle virus
[PMMoV]) in relation to a fecal indicator bacterium (FIB), Enterococcus sp. 23S rRNA (ENT
23S), and three enteric viruses (human adenovirus serotypes 40/41 [HAdV 40/41], human
norovirus [HNoV], and human enterovirus [EV]) in beach water samples seeded with raw
and secondary-treated wastewater. Among the six MST markers tested, HF183 was the
most sensitive measure of human fecal pollution and was quantiﬁable up to dilutions of
106 and 104 for beach water samples seeded with raw and secondary-treated waste-
water, respectively. Other markers and enteric viruses were detected at various dilutions
(101 to 105). These MST markers, FIB, and enteric viruses were then quantiﬁed in
beach water (n  12) and sand samples (n  12) from South East Queensland (SEQ),
Australia, to estimate the levels of human fecal pollution. Of the 12 sites examined,
beach water and sand samples from several sites had quantiﬁable concentrations of
HF183 and PMMoV markers. Overall, our results indicate that while HF183 is the most
sensitive measure of human fecal pollution, it should be used in conjunction with a con-
ferring viral marker to avoid overestimating the risk of gastrointestinal illness.
IMPORTANCE MST is an effective tool to help utilities and regulators improve recre-
ational water quality around the globe. Human fecal pollution poses signiﬁcant pub-
lic health risks compared to animal fecal pollution. Several human wastewater-
associated markers have been developed and used for MST ﬁeld studies. However, a
head-to-head comparison in terms of their performance to detect diluted human fe-
cal pollution in recreational water is lacking. In this study, we cross-compared the
performance of six human wastewater-associated markers in relation to FIB and en-
teric viruses in beach water samples seeded with raw and secondary-treated waste-
water. The results of this study will provide guidance to regulators and utilities on
the appropriate application of MST markers for tracking the sources of human fecal
pollution in environmental waters and confer human health risks.
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Recreational water bodies polluted with raw and inadequately treated wastewatercan pose a signiﬁcant risk to human health due to the presence of enteric
pathogens (1–3). Accidental ingestion or inhalation of such polluted waters can cause
a variety of enteric and nonenteric illnesses in swimmers and other recreational water
users (4). Raw and treated wastewater can be released into the waterways from
defective wastewater treatment plants (WWTPs) (5), broken sewage pipes, malfunc-
tioning septic systems (6), stormwater runoff (7), and during extreme weather events,
such as ﬂooding (8). Outbreaks of gastroenteritis in Australia from recreational water
exposure are far more common than those attributed to drinking water. In Australia, 42
reported gastroenteritis outbreaks linked to recreational water use were reported
between 2001 and 2007, compared to 10 outbreaks that were linked to drinking water
consumption (9). Therefore, the microbiological quality of recreational waters is of
concern to water quality regulators and health departments.
Direct monitoring of pathogens in recreational waters can provide valuable infor-
mation on the potential health risks. However, pathogen distribution and abundance
can be highly varied due to source and receiving waters, making the direct monitoring
approach impractical and uneconomical. Escherichia coli and Enterococcus spp. have
previously been used as fecal indicator bacteria (FIB), and based on their concentra-
tions, guideline values have been developed by the water quality regulators to assess
the human health risk. However, a shortcoming of this form of monitoring is that
concentrations of FIB above the guideline values do not always indicate the presence
of pathogens (10, 11). Another signiﬁcant shortcoming of FIB monitoring is that their
presence in a waterbody does not provide information about whether they originated
from animal or human feces, thus greatly hindering remediation efforts (12).
The advent of microbial source tracking (MST) tools has led to the development of
more efﬁcient water quality monitoring programs (1, 3, 7, 11). MST tools have the ability
to rapidly quantify the host-associated genes (known as molecular markers) found in
bacteria, protozoa, and viruses from the feces of various animal species, including
humans. Commonly used human wastewater-associated markers include the Bacte-
roides HF183 (HF183) (12), the nifHmarker fromMethanobrevibacter smithii (13), and the
recently developed E. coli H8 (EC H8) markers (14, 15). Viral markers have also received
signiﬁcant attention due to their high host association. These viral markers include
human adenovirus (HAdV), human polyomavirus (HPyV), and a plant virus, the pepper
mild mottle virus (PMMoV) (11, 16, 17). Host prevalence and host speciﬁcity are often
considered the two most important performance characteristics of MST markers. Non-
speciﬁc (found in nontarget hosts) and nonprevalent (rare) markers tend to yield
false-positive or -negative results in ﬁeld studies (18). Several studies have determined
the host prevalence and speciﬁcity of the HF183 (19), EC H8 (14), nifH (20), HAdV (21),
HPyV (22), and PMMoV (17) markers by analyzing fecal and wastewater samples from
various animals. The high host prevalence and speciﬁcity values of the aforementioned
markers support their potential for human fecal pollution tracking. Limited information,
however, is available on the assay process limit of detection (PLOD) or process limit of
quantiﬁcation (PLOQ) for these markers to detect human wastewater pollution in
recreational waters. The PLOD and PLOQ determine the smallest volume of wastewater
that can be reliably detected and quantiﬁed, respectively, after the sample is subjected
to ﬁltration, DNA/RNA extraction, and quantitative PCR (qPCR) analysis. The PLOD
assessment of the HF183 (3) and PMMoV markers (23) has been undertaken in the
United States. However, a comparative study investigating the PLOD and PLOQ of the
multiple markers simultaneously in relation to FIB and enteric viruses has not yet been
reported.
In this study, we cross-compared the PLOD and PLOQ of six human wastewater-
associated MST markers (EC H8, HF183, nifH, HAdV, HPyV, and PMMoV) in beach water
samples seeded with raw and secondary-treated wastewater using qPCR assays. In
addition, the PLOD and PLOQ values of FIB (Enterococcus sp. 23S rRNA [ENT 23S]) and
enteric viruses (HAdV 40/41, human norovirus [HNoV)] genotype II [GII], and enterovirus
[EV]) were also determined in parallel to MST markers. This was done to identify the
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most suitable marker(s) of human fecal pollution and their occurrence in relation to FIB
and enteric viruses in a scenario where beach water samples are amended with various
amount of fresh raw and secondary-treated wastewater. We also determined to what
extent these FIB, MST markers, and enteric viruses are present in ambient recreational
beach water and sand samples from South East Queensland (SEQ), Australia, to under-
stand the health risks associated with human fecal pollution.
RESULTS
qPCR performance characteristics. The qPCR standards had a linear range of
quantiﬁcation from 3 106 to 3 copies per 3 l of DNA extracts. The ampliﬁcation
efﬁciencies, correlation coefﬁcients, and slope were determined by analyzing the
standards. The ampliﬁcation efﬁciencies ranged from 81.2 to 119%. The correlation
coefﬁcient (r2) ranged from 0.921 to 1.00. The slope ranged from2.931 to3.872. The
qPCR performance characteristic ranges were within the prescribed Minimum Informa-
tion for Publication of Quantitative Real-Time PCR Experiments (MIQE) guidelines (24).
The qPCR performance characteristics for the individual assays are shown in Table S2.
Concentrations of DNA/RNA targets in raw and secondary-treated wastewater.
The concentrations of FIB, MST markers, and enteric viruses in raw and secondary-
treated wastewater samples are shown in Fig. 1a and b. In raw wastewater, the mean
concentration of ENT 23S was 1.31  106 copies per ml. Among the bacterial markers,
HF183 had the highest concentration (6.15  106 copies per ml), followed by EC H8
(4.75  106 copies per ml). The concentration of the nifH marker (2.60  10 copies per
ml) was two orders of magnitude lower than those of the HF183 and EC H8 markers.
Among the viral MST markers, HPyV had the highest mean concentration (2.56  105
copies per ml), followed by PMMoV (5.72  104 copies per ml) and HAdV (1.37  104
copies per ml). The concentrations of enteric viruses were two to three orders of
FIG 1 Box-and-whisker plots of the concentrations (copies per milliliter) of fecal indicator bacteria (FIB),
bacterial and viral microbial source tracking (MST) markers, and enteric viruses in raw (a) and secondary-
treated (b) wastewater collected from a wastewater treatment plant. The lower and upper boxes denote
the 25th and 75th percentiles. The lower and upper bars represent the 5th and 95th percentiles. Shown
on a vertical logarithmic scale.
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magnitude lower than those of the FIB and MST markers. Among the three enteric
viruses tested, HAdV 40/41 (2.99  103 copies per ml) had the highest concentration,
followed by EV (1.79  103 copies per ml) and HNoV (9.66  102 copies per ml).
The ENT 23S concentration was 5.90  102 copies per ml in secondary-treated
wastewater. Similarly to raw wastewater, the HF183 had the highest mean concentra-
tion (6.53  103 copies per ml), followed by EC H8 (4.32  103 copies per ml). The nifH
marker concentration in secondary-treated wastewater (7.89  101 copies per ml)
was again two orders of magnitude lower than those of the HF183 and EC H8
markers. In contrast to raw wastewater, PMMoV had the highest mean concentra-
tion (4.11  103 copies per ml), followed by HAdV (1.04  101 copies per ml) in the
secondary-treated wastewater. Notably, the HPyV marker was below the PLOD in
secondary-treated wastewater and therefore is not shown in Fig. 1b. Dissimilar to
the concentration levels of enteric viruses in raw wastewater, HAdV 40/41 (0.70
copies per ml) had the lowest concentration, followed by HNoV (9.62 copies per ml)
and EV (2.95  101 copies per ml).
The Kruskal-Wallis one-way analysis of variance (ANOVA) was undertaken to deter-
mine if there are any signiﬁcant differences in the target concentrations in raw and
secondary-treated wastewater samples. Dunn’s multiple comparisons posttest indi-
cated that the concentrations of ENT 23S in raw wastewater were signiﬁcantly different
from those of EC H8 and HF183 (P  0.05). The concentrations of the EC H8 and the
HF183 markers were signiﬁcantly different (both P  0.05) from those of other markers
and enteric viruses. The concentrations of ENT 23S in secondary-treated wastewater
were signiﬁcantly different from those of the EC H8, HF183, and PMMoV markers. EC H8
concentrations were signiﬁcantly different from all other targets except PMMoV. The
HF183 concentration in secondary-treated wastewater was signiﬁcantly different from
those of the other targets. The concentrations of PMMoV were signiﬁcantly different
from the concentrations of nifH, HAdV, HAdV 40/41, HNoV, and EV.
Correlations among DNA/RNA targets in raw and secondary-treated wastewa-
ter. In raw wastewater, there was a highly strong correlation (r  0.7; P  0.05) among
ENT 23S, EC H8, HF183, nifH, HAdV, HPyV, PMMoV, and HAdV 40/41. However, HPyV (r
0.68; P 0.05) and PMMoV (r 0.60; P 0.05) moderately correlated with the bacterial
MST marker nifH. EV moderately or poorly correlated with other targets, while HNoV
showed mostly negative correlations with all other DNA and RNA targets tested in this
study, except EC H8 (Fig. 2a). In secondary-treated wastewater, the abundance of FIB,
MST markers, and enteric viruses did not show strong correlations like those with raw
wastewater (Fig. 2b). Only ﬁve positive strong correlations were observed between ENT
23S and nifH (r  0.93; P  0.05), ENT 23S and HNoV (r  0.71; P  0.05), EC H8 and
PMMoV (r  0.87; P  0.05), HF183 and HNoV (r  0.94; P  0.05), and nifH and HNoV
(r  0.89). Moderate correlations were observed between ENT 23S and HAdV (r  0.52;
P  0.05), HF183 and nifH (r  0.43; P  0.05), HAdV and nifH (r  0.67; P  0.05), and
HAdV 40/41 and EV (r  0.45; P  0.05). The remaining pairwise correlations among
DNA and RNA targets were either poor or negative (Fig. 2b). Since the concentration of
the HPyV marker was below the PLOD in secondary-treated wastewater, this marker
was excluded from the correlation analysis.
PLOD and PLOQ of DNA/RNA targets in serially diluted samples of ﬁltered
beach water seeded with raw wastewater. Thirty percent of the beach water samples
seeded with raw wastewater had PCR inhibitors. A 10-fold serial dilution relieved PCR
inhibition. The PLOD, PLOQ, and concentrations of all DNA and RNA targets in serially
diluted ﬁltered beach water samples seeded with raw wastewater are shown in Table
1. The concentration of ENT 23S was 3.2  101 copies per 3 l of DNA at the dilution
level of 105. Among the MST markers, HF183 was quantiﬁable (5.2  101 copies per
3 l of DNA) at the dilution level of 106. EC H8 was the second most sensitive marker
and was quantiﬁable (1.0  102 copies per 3 l of DNA) at the dilution level of 104.
HPyV and PMMoV were quantiﬁable at the dilution level of 103, while the HAdV and
nifH markers were quantiﬁable at the dilution 102. HAdV 40/41 and EV were quanti-
ﬁable up to a dilution level of 102. HNoV were detected, but the level was below the
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FIG 2 Correlations (Spearman’s rank correlation) among fecal indicator bacteria, microbial source
tracking (MST) markers, and enteric viruses in raw wastewater (a) and secondary-treated wastewater (b).
The Spearman’s r values are presented in the box. Green boxes represent positive and red boxes
represent negative correlations.
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PLOQ when 3 ml of raw wastewater was seeded into the beach water sample and could
not be detected at the dilution level of 101.
PLOD and PLOQ of DNA/RNA targets in serially diluted samples of ﬁltered
beach water seeded with secondary-treated wastewater. In all, 37.5% of the beach
water samples seeded with secondary-treated wastewater had PCR inhibitors. A 10-fold
serial dilution relieved PCR inhibition. The PLOD, PLOQ, and concentrations of all DNA
and RNA targets in serially diluted ﬁltered beach water samples seeded with secondary-
treated wastewater are shown in Table 2. ENT 23S was quantiﬁable (8.5  101 copies
per 3 l of DNA) up to a dilution level of 104. Among the MST markers, both EC H8
(1.5  101 copies per 3 l of DNA) and HF183 (8.6  101 copies per 3 l of DNA) were
quantiﬁable up to a dilution level of 104. PMMoV was quantiﬁable (1.6  101 copies
per 3 l of DNA) to dilution level of 103. The HAdV and nifHmarkers were quantiﬁable
up to a dilution level of 101. Human enteric virus and HAdV 40/41 were detectable but
nonquantiﬁable in 150 ml of seeded secondary-treated wastewater. HNoV was below
the PLOD and EV was quantiﬁable in a 150-ml seeded secondary-treated wastewater
sample. However, at dilution 101, it fell below the PLOQ, and at dilution 102, it was
below the PLOD.
Concentrations of culturable FIB in recreational beach water samples in SEQ.
The E. coli and Enterococcus species concentrations in recreational beach water samples
are shown in Fig. 3. At each site except Paradise Point and Southport, the Enterococcus
species concentrations exceeded the Australian and New Zealand Environment and
Conservation Council (ANZECC) guidelines (35 CFU per 100 ml for primary recre-
ational water). The highest concentration (165 CFU per 100 ml) of Enterococcus spp. was
found at Deception Bay. For E. coli, each site except Jabiru Island (151 CFU per 100 ml)
had a concentration below the recommended ANZECC guideline (150 CFU per 100
ml). Using Spearman’s rank correlation, it was determined that the E. coli and Entero-
coccus species concentrations were signiﬁcantly correlated with each other in these
sites (P  0.05).
MST markers and enteric viruses in beach water and sand samples in SEQ. In all,
41.6% of the 24 beach water (n  12) and sand (n  12) samples had PCR inhibition.
A 10-fold serial dilution was made for these samples to relieve PCR inhibition. All
uninhibited and serially diluted samples were used in analysis. The prevalence and
concentrations of FIB, MST markers, and enteric viruses in the 12 recreational beach
sites from SEQ are shown in Table 3. ENT 23S was detected in 91.6% (11 of 12) of the
recreational water samples. The highest concentration of ENT 23S, at 3.8  103 per 100
ml of water, was found at Deception Bay. Fifty percent of the beach water samples had
quantiﬁable concentrations of the HF183 marker, and the concentration ranged from
1.8  103 to 1.3  102 copies per 100 ml of water. PMMoV was quantiﬁable in 33.3%
of the water samples, and the concentrations ranged from 3.6 103 to 8.6 103 copies
per 100 ml of water. HAdV was detected (1 of 3 qPCR replicates was positive) in the
water sample from Pandanus Beach. However, the level of HAdV in this sample was
below the PLOQ. EV was detected at one site (Southport), but it was below the PLOQ.
The MST markers EC H8, nifH, HPyV, and enteric viruses HAdV 40/41 and HNoV could
not be detected in any of the recreational water samples. For the sand samples, ENT 23S
was detected and quantiﬁable in 83.3% of the sites. HF183 was detected and quanti-
ﬁable at 33 and 25% of the sand samples, respectively. HAdV was not detected in sand
samples. PMMoV and EV were not tested for in the sand samples.
DISCUSSION
Human wastewater is known to contain 100 pathogenic viruses, some with the
ability to cause disease and illness in humans at extremely low dosages (25). Thus, the
pollution of recreational water with human wastewater poses a more signiﬁcant risk to
humans than animal fecal wastewater (26). This has led to the development of MST
tools which utilize molecular markers to inform targeted solutions to minimize fecal
pollution in water. Only a few studies compared or determined the PLOD (deﬁned as
the smallest volume of wastewater that could be subjected to the complete sample
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preparation process, including dilution, ﬁltration, and DNA/RNA extraction, and still be
reliably detected in qPCR) of molecular markers to detect human wastewater in
environmental water samples. For example, Ahmed et al. (27) compared the PLOD
values of the HF183, Enterococcus faecium, HAdV esp, and HPyV in fresh and seawater
samples in Australia. While in Florida, USA, Staley et al. (3) determined the PLOD values
for HF183 and HPyV in various types of surface water samples. Despite experimental
differences, both studies found HF183 to be the most sensitive marker of human fecal
pollution. The potential of PMMoV as a human wastewater marker has also been
reported in a recent study, when its PLOD in coastal waters was investigated by
Symonds et al. (23). The limited data highlight the knowledge gap that this study aimed
to address by undertaking a large-scale cross comparison of the PLOD/PLOQ values for
six human-wastewater-associated MST markers in relation to FIB and enteric viruses in
beach water samples seeded with fresh raw and secondary-treated wastewater.
Before the seeding experiment, the concentrations of all DNA and RNA targets were
measured in raw and secondary wastewater samples using qPCR assays. The HF183
concentrations were the highest among all targets in both raw and secondary-treated
wastewater. The mean concentrations of the HF183 obtained in this study were similar
to the mean concentrations of HF183 found in human wastewater around the globe
(12). Limited information is available on the concentration of the EC H8 marker in
human wastewater. However, in a previous study, we reported that approximately 50%
of E. coli isolates in human wastewater carried the EC H8 marker (14). Despite a lack of
comparative information, the results from this study indicated that the concentrations
of EC H8 in raw wastewater could be quite high, being only slightly less than the
concentration of the HF183. These high levels indicated that EC H8 may be a suitable
marker for tracking human wastewater pollution in environmental waters.
The concentrations of HAdV and HPyV in raw and secondary-treated wastewater
were similar to those reported in other published studies (28–31). Some researchers
FIG 3 Concentrations of Escherichia coli and Enterococcus spp. in water samples collected from 12
recreational beaches in South East Queensland, Australia. The dashed line represents guideline value (35
CFU per 100 ml) for Enterococcus spp. and the solid line represents the guideline value (150 CFU per 100
ml) for E. coli.
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reported that PMMoV has the potential to be an overly sensitive marker, due to its high
concentrations in human wastewater (17, 32, 33). While this presents an advantage for
the PMMoV as a sensitive marker, its presence may also overestimate risk (23). A study
by Rosario et al. (17) determined the average concentrations of PMMoV at a Florida
Keys WWTP over a 2-week period and found that levels ranged from 8.04  105 to
1.9  106 copies per ml in raw wastewater and 2.02  104 to 1.01  106 copies per ml
in treated wastewater. The levels of PMMoV found in this study were 1 to 2 orders of
magnitude lower in raw wastewater and 1 to 3 orders of magnitude lower in secondary-
treated wastewater than those reported by Rosario et al. (17), thus indicating that
PMMoV may not be overly sensitive, as others have previously reported. HNoV can be
excreted in high quantities from infected individuals and has been detected at con-
centrations of 200 copies per ml in raw wastewater (34). The result from this study
(9.62  102 copies per ml of raw wastewater) was similar to that of the Hewitt and
colleagues study in New Zealand (34). The concentrations of HAdV 40/41 and EV in raw
and secondary-treated wastewater were found to be similar to those previously re-
ported (35–37).
The FIB, MST markers, and the enteric virus HAdV 40/41 had strong positive
correlations in raw wastewater but largely weak correlations in secondary-treated
wastewater samples. Similar correlations between MST markers in raw wastewater have
been reported among ENT 23S, HF183, HAdV, and HPyV (38). The lack of correlation
with secondary-treated wastewater is likely due to low and varied target concentrations
as a result of the treatment process.
In the raw wastewater seeding experiment, the PLOD of the HF183 marker was
remarkably low and was quantiﬁable to a dilution level of 106. Staley et al. (3) reported
similar results, with the quantiﬁcation of HF183 to a dilution level of 106 in 500-ml
ambient water samples seeded with 5 ml of raw wastewater. EC H8 was the second
most sensitive marker in terms of PLOD and was quantiﬁable at a dilution level of 105.
Among the viral markers, PMMoV had the lowest PLOD and was quantiﬁable at a
TABLE 3 Prevalence and concentrations of ENT 23S, HF183, and enteric viruses in environmental water and sand samples collected from
12 recreational beaches in South East Queensland, Australia
Sampling site Matrix
No. of positive samples/no. of samples tested (concn per 100 ml of water or per g of sand [wet wt])a
FIB (ENT 23S)
Bacterial or viral MST marker
Enteric virus
(EV)HF183 HAdV PMMoV
Breakwater Park Water 3/3 (1.2  103 6.5  102) PLOD PLOD 1/3 (PLOQ) PLOD
Sand 3/3 (7.5  103 2.2  102) 2/3 (3.6  102) PLOD NT NT
Bribie Island Water 2/3 (8.7  101) 2/3 (2.8  102) PLOD PLOD PLOD
Sand 3/3 (1.2  102 1.8  102) 1/3 (2.9  103) PLOD NT NT
Deception Bay Water 3/3 (3.8  103 7.3  102) PLOD PLOD 1/3 (3.6  103) PLOD
Sand 3/3 (1.1  102 3.2  102) 3/3 (PLOQ) PLOD NT NT
Godwin Beach Water 1/3 (1.4  102) PLOD PLOD 1/3 (5.6  103) PLOD
Sand 3/3 (8.5  103 6.3  102) PLOD PLOD NT NT
Jabiru Island Water 3/3 (4.7  102 3.2  102) 3/3 (2.5  102 1.9 102) PLOD PLOD PLOD
Sand 3/3 (3.7  103 4.5  102) PLOD PLOD NT NT
Labrador Water 1/3 (4.1  101) 1/3 (1.8 103) PLOD PLOD PLOD
Sand 3/3 (4.4  103 2.4  102) PLOD PLOD NT NT
Pandanus Beach Water 2/3 (2.2  102) PLOD 1/3 (PLOQ) PLOD PLOD
Sand 3/3 (2.1  104 1.0  104) PLOD PLOD NT NT
Paradise Point Water 2/3 (1.8  102) 2/3 (1.7  103) PLOD PLOD PLOD
Sand PLODa PLOD PLOD NT NT
Sandstone Point Water 3/3 (3.3  102 1.8  102) PLOD PLOD PLOD PLOD
Sand 2/3 (2.5  102) 1/3 (4.1  103) PLOD NT NT
Scarborough Water 3/3 (3.3  102 9.5  101) 2/3 (2.5  102) PLOD 1/3 (8.6  103) PLOD
Sand 3/3 (6.3  102 2.4  102) PLOD PLOD NT NT
Shorncliffe Water 2/3 (2.3  102) PLOD PLOD 2/3 (5.7  103) PLOD
Sand 3/3 (2.7  103 3.9  102) PLOD PLOD NT NT
Southport Water PLOD 1/3 (1.3  102) PLOD PLOD 1/3 (PLOQ)
Sand 3/3 (8.1  103 2.0  103) PLOD PLOD NT NT
aFIB, fecal indicator bacteria; MST, microbial source tracking; PLOD, process limit of detection; PLOQ, process limit of quantiﬁcation; NT, not tested.
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dilution level of 103. PMMoV was three orders of magnitude less sensitive than the
HF183 marker. A similar level of PMMoV detection (102) was reported in a recent study
in Florida, USA (23).
Due to the decreased concentration of targets in secondary-treated wastewater, the
detection and quantiﬁcation of FIB and MST markers were not seen in the higher
dilution levels, and the enteric viruses were not detectable in any diluted samples.
Similarly to the raw wastewater, the HF183, EC H8, and PMMoV markers were detected
at dilution levels of 105, 105, and 103, respectively. The detection of FIB, MST
markers, and enteric viruses in these samples to such a high dilution level conﬁrms that
pollution of recreational waters with secondary-treated wastewater may still represent
a risk to humans.
Overall, HF183, EC H8, and PMMoV were detected at high dilution levels (103 to
106), but their presence at these dilutions was not directly indicative of human health
risks because enteric viruses were not observed at a dilution level of102. From these
results, it can be assumed that while high concentrations of bacterial markers, such as
HF183 and EC H8, in environmental waters can be indicative of human wastewater
pollution, their presence alone cannot be assumed to confer risk. When these markers
are used alone, quantitative data must be reported to identify the magnitude of the
pollution. We recommend that the HF183 or EC H8 marker be used for initial waste-
water detection, followed by further testing with more speciﬁc viral MST markers, such
as PMMoV, HAdV, or HPyV, in decreasing order of preference. In this study, we
determined the PLOD/PLOQ of targets in serially diluted beach water samples seeded
with raw and secondary-treated wastewater. This may not be representative of a true
environmental sample that contains various background microﬂora. Therefore, the
results presented in this study should be interpreted with care, as it is possible that the
PLOD/PLOQ of targets may be less sensitive for true environmental samples.
The application of enteric viruses for wastewater pollution monitoring could greatly
improve the efﬁciency of monitoring procedures because risks could be directly
estimated based on viral concentrations. However, due to the vast abundance of
human enteric viruses, using only a few enteric viruses alone to confer risk is inadvis-
able. Therefore, the use of multiple MST markers for wastewater detection, if possible,
is still the preferred method for application to a real-world setting.
In this study, environmental water and sand samples from 12 recreational beaches
were collected and analyzed for the presence of the 10 DNA and RNA targets. Six of the
12 sites had quantiﬁable concentrations of the HF183 marker, most likely due to their
proximity to stormwater drains. Four of the 12 sites also had quantiﬁable concentra-
tions of PMMoV, highlighting the fact that stormwater drains may indeed be the
primary sources of human fecal pollution in these sites. The Scarborough site was
positive for two MST markers (HF183 and PMMoV), strongly suggesting the presence of
human wastewater pollution.
The three enteric viruses tested in this study (HAdV 40/41, HNoV, and EV) were not
detected above the PLOD at any of the sites. However, the presence of other enteric
viruses (not tested in this study) cannot be ruled out (25). Therefore, it is suggested that
further water quality monitoring of these sites and an exploratory quantitative micro-
bial risk assessment (QMRA) should be performed to assess the risks associated with the
use of these recreational waters (3, 23). To expand on previous studies that have also
detected MST markers in sands and sediments in the United States (39, 40), 12 sand
samples were analyzed for the presence of ENT 23S and ﬁve DNA markers. ENT 23S was
quantiﬁed in 83% of the sand samples, and HF183 was quantiﬁed at three sites. These
results indicated that SEQ recreational beach sands could harbor MST markers and be
potential reservoirs for enteric pathogens. Based on the results, we recommend that
the microbiological quality of beach sand also needs to be monitored in SEQ. This
would allow for the establishment of guidelines to assess public health risks and would
be useful for implementing beach sanitation programs for beachgoers.
Several points uncovered in this study require further investigation. First, the
majority of wastewater in Australia undergoes complete treatment, including chlorina-
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tion, before being released into the environment. As a result, the concentrations of MST
markers and enteric viruses are likely to be low, except in scenarios where treatment
plants fail due to extreme weather events (ﬂooding), broken pipes, or illegal discharges.
However, the concentration of MST markers in fully treated wastewater should be
investigated to ensure that pathogen levels at wastewater outfalls do not present
human health risks. Second, sand samples from SEQ should be analyzed for the
presence of enteric viruses to better understand the associated risks. Last, this study
was conducted using fresh wastewater, which means the PLOD/PLOQ analysis of the
MST markers and enteric viruses is based on the target concentrations that would likely
to be present immediately following a recent contamination event. However, as water
quality assessments are not always undertaken immediately following pollution events,
the concentrations of MST markers in aged wastewater samples should also be inves-
tigated. In addition, comparative inactivation studies of FIB, MST markers, and enteric
viruses in the water column and beach sands should be undertaken.
MATERIALS AND METHODS
Wastewater sampling and analysis. Composite fresh raw and secondary-treated wastewater
samples were collected from the primary inﬂuent and secondary settling tank of a wastewater treatment
plant (WWTP), respectively. The WWTP serves a population of approximately 250,000 people. The
treatment process consists of primary treatment, a secondary treatment (activated sludge process), UV
disinfection, and chlorination prior to discharge in the Brisbane River. The secondary-treated wastewater
samples used in this study were collected before UV disinfection and chlorination. The wastewater
samples were collected at 8:00 a.m. and transported to the laboratory on ice. Upon arrival, the samples
were stored at 4°C and processed within 3 h of collection.
To quantify the background concentrations of DNA targets (ENT 23S, HF183, EC H8, nifH, HAdV, HAdV
40/41, and HPyV), triplicate 10-ml raw wastewater and 25-ml secondary-treated wastewater samples
were ﬁltered through negatively charged 47 mm, 0.45-m-pore-size HA membranes (HAWP04700; Merck
Millipore, Tokyo, Japan). For RNA targets (PMMoV, HNoV, and EV), triplicate 100-ml raw wastewater and
250-ml secondary-treated wastewater samples were also ﬁltered through negatively charged 47-mm,
0.45-m-pore-size HA membranes.
Beach water sampling for seeding experiments. For seeding experiments, beach water samples
were collected from a recreational beach located in Redcliffe in SEQ. To the best of our knowledge, based
on a sanitary survey, these sites were not exposed to point or nonpoint sources of fecal pollution.
Triplicate water samples from three sites (not shown in Fig. 4) were collected at a water depth of
approximately 25 cm. Water samples were collected in sterile 10-liter containers and transported to the
laboratory. The samples were ﬁltered through negatively charged 90-mm, 0.45-m-pore-size HA mem-
branes (HAWP09000; Merck Millipore, Tokyo, Japan). Following the ﬁltration step, 100 ml of each water
sample was ﬁltered through 0.45-m nitrocellulose membranes (Advantec, Tokyo, Japan), placed on
Chromocult coliform agar and enterococci agar (Merck, KGaA, Germany), and incubated at 37°C for 24
h. No colonies were observed on the agar plates, indicating that the beach water samples collected for
seeding experiment did not contain any FIB after ﬁltration. To conﬁrm the absence of background MST
markers that may affect the PLOD and PLOQ assessments, the samples (1 liter) were screened for HF183
and HAdV. HF183 and HAdV were concentrated using a previously described method (11). First, the pH
of each ﬁltered beach water sample was lowered to 3.5 using 2.0 N HCl and then ﬁltered through
negatively charged 90 mm, 0.45-m-pore-size HA membranes. The HF183 and HAdV qPCR assays were
performed in a 20-l reaction volume using 10 l of SsoFast EvaGreen supermix (Bio-Rad Laboratories,
CA, USA) (HF183) or 10 l of SsoAdvanced universal probes supermix (Bio-Rad) (HAdV), 300 nM each
primer (HF183), 200 nM each primer and probe (HAdV), and 3 l of template DNA. The samples were
negative for HF183 and HAdV.
Wastewater seeding experiment. For DNA targets, 3 ml of raw wastewater was seeded into 297 ml
of the ﬁltered beach water samples collected from sites A to C. Similarly, 150 ml of secondary-treated
wastewater was seeded into 150 ml of the ﬁltered beach water samples collected from sites A to C. A
higher volume of secondary-treated wastewater was added to compensate for low target concentrations
in secondary-treated wastewater due to activated sludge process. Tenfold serial dilutions (101 to 106)
were then made for all seeded samples. The pH of each sample was adjusted to 3.5 with 2.0 N HCl before
being ﬁltered through negatively charged 47-mm, 0.45-m-pore-size HA membranes.
For RNA targets, 3 ml of raw wastewater was seeded into 297 ml of the ﬁltered beach water samples
collected from site A only. Similarly, 150 ml of secondary-treated wastewater was seeded into 150 ml of
the ﬁltered beach water samples collected from site A only. Tenfold serial dilutions (101 to 106) were
then made, followed by adjustment of the pH of each seeded sample to 3.5 with 2.0 N HCl. The samples
were ﬁltered through negatively charged 47-mm, 0.45-m-pore-size HA membranes (HAWP04700; Merck
Millipore, Tokyo, Japan).
qPCR standards. Standard curves for the nifH, HPyV, HAdV 40/41, PMMoV, HNoV, and EV qPCR assays
were constructed using synthesized plasmid DNA (pIDTSMART with ampicillin resistance [Integrated DNA
Technologies, Coralville, IA, USA]). qPCR standards for ENT 23S and EC H8 were prepared from the
genomic DNA of Enterococcus faecalis ATCC 19433 and E. coli ATCC 23226. qPCR standards for HF183 and
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HAdV were prepared from the plasmid DNA. The puriﬁed genomic or plasmid DNA was serially diluted
to create a standard ranging from 1  106 to 1 copy per l of DNA. A 3-l template from each serial
dilution was used to prepare a standard curve for each qPCR assay. For each standard, the genomic
copies were plotted against the cycle number at which the ﬂuorescence signal increased above the
quantiﬁcation cycle (Cq) value. The ampliﬁcation efﬁciency (E) was determined by analysis of the
standards and was estimated from the slope of the standard curve to be E  101/slope.
qPCR analysis. The primers and probes are shown in Table S1. Each qPCR ampliﬁcation was
performed separately for each target. EC H8 and HF183 qPCR ampliﬁcations were performed in a
20-l reaction mixture using 10 l of SsoFast EvaGreen supermix (Bio-Rad Laboratories, CA, USA),
400 nM each primer (EC H8 assay), 300 nM each primer (HF183 assay), and 3 l of template DNA.
To separate the speciﬁc products from the nonspeciﬁc products, including primer dimers, a
melting-curve analysis was performed for EC H8 and HF183 assays. During melting-curve analysis,
the temperature was increased from 65 to 95°C at 0.5°C increments. Melting-curve analysis showed
a distinct peak at a temperature of 78.5°C  0.5°C for HF183 and 92.0  0.5°C for EC H8, indicating
positive and correct ampliﬁcations.
ENT 23S, nifH, HAdV, HPyV, and HAdV 40/41 qPCR assays were performed in 20-l reaction mixtures
using 10 l of SsoAdvanced universal probes supermix (Bio-Rad Laboratories, CA, USA), 500 nM each
primer and 400 nM probe (ENT 23S), 800 nM each primer and 240 nM probe (nifH), 200 nM each primer
and 200 nM probe (HAdV), 240 nM each primer and 160 nM probe (HPyV), 400 nM each primer and 100
nM probe (HAdV 40/41), and 3 l of template DNA (Table S1).
For RNA targets (PMMoV, HNoV, and EV), cDNA was synthesized using the SuperScript III ﬁrst-strand
synthesis reverse transcriptase kit (Invitrogen, Carlsbad, CA, USA), according to the manufacturer’s
instructions. Six microliters of extracted RNA was used to generate cDNA. PMMoV, HNoV, and EV qPCR
assays were performed in 20-l reaction mixtures using 10 l of SsoAdvanced universal probes supermix
(Bio-Rad Laboratories, CA, USA), 200 nM each primer and 80 nM probe (PMMoV), 250 nM each primer and
100 nM probe (HNoV), 300 nM forward primer, 900 nM reverse primer, and 125 nM probe (EV) and 3 l
of template cDNA (Table S1).
FIG 4 Map showing the beach water and sand sampling locations in South East Queensland, Australia.
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Limit of detection and quantiﬁcation. To determine whether a sample was positive, negative, or
quantiﬁable, deﬁned criteria were established. The qPCR assay limit of detection (ALOD) was deﬁned
as the number of copies that could be detected in 2 out of 3 qPCR assays, while the assay limit of
quantiﬁcation (ALOQ) was the number of copies that could be quantiﬁed in 2 out of 3 qPCR assays.
The process limit of detection (PLOD) was deﬁned as the smallest volume of wastewater that could
be subjected to the complete sample preparation process, including dilution, ﬁltration, and DNA/
RNA extraction and still be reliably detected/quantiﬁed (PLOQ) in 2 out of 3 qPCR reactions (23).
Recreational beach water and sand sampling. A ﬁeld study was undertaken to determine the
extent of human wastewater pollution in 12 recreational beaches along the SEQ coast (Fig. 4). The
northernmost site was located on Bribie Island, while the southernmost site was located in Southport on
the Gold Coast. All sites were public beach areas known to be popular with bathers and recreational
water users. Stormwater pipes were identiﬁed as a major source of human fecal pollution in these sites
(Table S3). At each recreational beach, a 10-liter water sample was collected in a sterile container at an
approximate water depth of 25 cm. In addition, beach sand cores were collected by manually inserting
a clear plastic tube (internal diameter, 2 cm) below the water surface, 10 cm into the sand. All water and
sand samples were immediately transported to the laboratory and processed within 4 to 6 h after
collection.
The concentrations of culturable E. coli and Enterococcus spp. in the water samples were deter-
mined using culture-based methods, as described earlier. For the quantiﬁcation of DNA and RNA
targets, the pH of the recreational water sample was lowered to 3.5 using 2.0 N HCl. For DNA targets,
1.8 liters of each sample was then ﬁltered through negatively charged 90-mm, 0.45-m-pore-size HA
membranes. For the RNA targets, 800 ml of each water sample was ﬁltered through negatively
charged 90-mm, 0.45-m-pore-size HA membranes. Sand cores were only tested for the DNA targets.
Five grams of sand from the top layer of each sand core (approximately 1 to 5 cm depth) was used
to extract DNA.
DNA extraction and PCR inhibition analysis. DNA samples were extracted from the membranes
using the Mo Bio PowerWater DNA isolation kit (Mo Bio Laboratories, Carlsbad, CA, USA). RNA samples
were extracted using the Mo Bio PowerWater RNA isolation kit. All DNA and RNA samples were stored
at 80°C. An experiment was conducted to determine the effect of potential PCR inhibitory substances
on the quantitative detection of DNA and RNA targets in (i) wastewater, (ii) wastewater-seeded beach
water samples, and (iii) beach water and sand samples using a Sketa22 real-time assay (41). Samples with
a 2-Cq delay were considered to have PCR inhibitors.
Quality control. All equipment used for collection, ﬁltration, and sample storage was sterilized by
bleaching and autoclaving prior to use. During water sampling, container blanks carrying sterile distilled
water were taken to each site and left open during the collection procedures. These samples were
processed in an identical manner to all other samples to conﬁrm the absence of contamination. During
the DNA and RNA extraction activities, reagent blanks were run and analyzed for each extraction
procedure. During qPCR analysis, all DNA and RNA samples were run in triplicate with three negative
controls (sterile water) on 96-well plates using the CFX 96 thermocycler (Bio-Rad Laboratories, CA, USA).
Statistical analysis. The concentrations of DNA and RNA targets in raw and secondary-treated
wastewater samples were not normally distributed (as determined by a Kolmogorov-Smirnov test).
Therefore, the nonparametric Kruskal-Wallis one-way analysis of variance (ANOVA) with Dunn’s posttest
was performed to determine if there were any signiﬁcant differences in FIB, MST marker, and enteric virus
concentrations in raw and secondary-treated wastewater. The nonparametric Spearman’s rank correla-
tion with a two-tailed test was used to establish the relationship among targets in raw and secondary-
treated wastewater samples. In general, when r was 0.7, the targets were considered to have a strong
positive correlation, an r of 0.4 but 0.7 was a moderate correlation, and an r of 0.2 but 0.4 was
a weak correlation. GraphPad Prism 6 was used for statistical analysis (GraphPad Software, Inc.).
Spearman’s rank correlation was also performed to determine the correlation between culturable E. coli
and Enterococcus species concentrations in recreational water samples. All statistical analyses were
evaluated at an  value of 0.05.
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